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I 
SUMMARY 
A s tudy  w a s  conducted t o  i n v e s t i g a t e  t h e  p h y s i c a l  p r o p -  
erties of t h i n  f i l m  composi tes .  Electron beam phys ica l  vapor  
depos i t i on  t echn iques  w e r e  employed to  prepare  composi te  
specimens of v i t reous  carbon,  boron ,  aluminum oxide,  zirconium 
s i l i c a t e ,  aluminum,  and t i t an ium on Kapton* H film polyimide 
s u b s t r a t e s .  
Spec imens  of  the  composi tes  in  s t r ip  form were subjec ted  
t o  s t r e s s - s t r a i n  and   u l t ima te   s t r eng th  tests. The thermal 
expansion was determined optically by comparison to a s tandard  
of known thermal  expansion.  Density was determined  for  carbon 
f i l m s  by independent measurements of f i l m  t h i ckness  and m a s s .  
For  metal  f i lms the  r e s u l t s  i n d i c a t e  t ha t  t h e  modulus of 
e l a s t i c i t y  is  independent of t he   depos i t ed  f i l m  t h i ckness .  The 
u l t i m a t e  s t r e n g t h  o f  m e t a l  f i l m s  i n c r e a s e s  a s  t h e i r  t h i c k n e s s  
dec reases .  
For carbon f i l m s ,  a l l  p h y s i c a l  p r o p e r t i e s  measured a r e  
a f fec ted   by  f i l m  th ickness .   Thinner  f i l m s  show h i g h e r  s t r e n g t h ,  
modulus,  and  density.  Thermal  expansion  between 20 and 100°C 
of  v i t reous  carbon f i lms  was c l o s e  t o  ze ro  wi th  a de f in i t e  nega -  
t i v e  t r e n d  f o r  t h i n n e r  f i l m s .  A composite  specimen  using 
a l t e r n a t i n g  v e r y  t h i n  l a y e r s  of carbon and titanium w a s  p repared ,  
and i t s  mechanical  propert ies  were determined.  The measurements 
i n d i c a t e  t h a t  t h e  u n u s u a l l y  h i g h  e l a s t i c  p r o p e r t i e s  o f  t h i n  
carbon f i l m s  can be r e t a i n e d  b y  t h i s  method i n  r e l a t i v e l y  t h i c k  
composi te  deposi t ions.  
*Kapton, E.  I .  DuPont 
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1. INTRODUCTION 
The f avorab le  mechan ica l -phys ica l  p rope r t i e s  o f  s t ruc tu ra l  
m a t e r i a l s  i n  the form of  very thin elements  i s  w e l l  known and 
widely employed in  the  t echno logy  o f  f ibe r  compos i t e  materials. 
S imi la r ly  advantageous  proper t ies  have  been  found in  th in  
f i lms  (Ref .  1). The origin'   of  such  anomalous  behavior i s  n o t  
w e l l  e s t a b l i s h e d .  I t  is  appa ren t ,   however ,   t ha t   ve ry   t h in  
f i l m s ,  made f o r  i n s t a n c e  by d i r ec t  condensa t ion  from the  vapor  
phase ,  exh ib i t  c rys t a l log raph ic  p rope r t i e s  wh ich  are markedly 
d i f f e r e n t  from materials formed by more conventional processes. 
Me ta l l i c  depos i t ed  f i lms  show e x t r e m e l y  f i n e  c r y s t a l l i t e  s t r u c -  
t u r e s  and l a r g e  d i s l o c a t i o n  d e n s i t i e s  which a re  o therwise  only  
achieveable  by  extreme  cold-working.  Deposited  f i lms made from 
carbon and from ceramic materials show f r equen t ly  a t o t a l  
absence  of  recognizable  c rys ta l  s t ruc tures ,  anomalous  dens i ty ,  
l o w  thermal expansion, and strongly thickness-dependent e las t ic  
and s t r e n g t h  p r o p e r t i e s .  
If such  proper t ies  can  be  impar ted  to  s t ruc tura l  components  
made from depos i t ed  f i l m s  by lamination techniques,  mechanical 
advantages  over fiber composites  can be expected.  These  advan- 
tages  have  been  explored  in  prev ious  s tud ies  ( R e f s .  2 ,  3 )  and 
a r e  b a s i c a l l y  a s s o c i a t e d  w i t h  two f a c t o r s :  
The use of  a f i l m  re inforced  composi te  provides  inherent ly  
two-d imens iona l  s t r eng th  and  s t i f fnes s  cha rac t e r i s t i c s  
wi thout  recourse  to  c ross - lamina t ion  which  i s  r e q u i r e d  i n  
f iber   composi tes .  This  a l l o w s   p o t e n t i a l l y   e f f i c i e n t  
appl icat ion of  composi te  f i l m  t echno logy  in  many s t r u c -  
t u r a l  a p p l i c a t i o n s  beyond those for which fi lamentary 
composites are c l e a r l y  i n d i c a t e d .  
Secondly ,  because  of  the  b id i rec t iona l  proper ty  of  f i l m  
r e in fo rcemen t s ,  t he  r equ i r emen t s  fo r  a s t r u c t u r a l l y  
s t r o n g  " m a t r i x "  m a t e r i a l  is relaxed and i t s  func t ion  i s  
p r i n c i p a l l y  r e d u c e d  t o  one of  inter laminar  adhesion.  
Therefore ,  low dens i ty ,  l i gh twe igh t  ma t r ix  ma te r i a l s  can  
be employed which permit the  product ion  of  low d e n s i t y  
composites.  Low densi ty   composi tes  are d e s i r a b l e ,  
p a r t i c u l a r l y  f o r  the d e s i g n  a n d  f a b r i c a t i o n  o f  l i g h t l y  
loaded  s t ruc tura l  pane ls  which  compr ise  a l a r g e  f r a c t i o n  
of a e r o n a u t i c a l  and s p a c e c r a f t  s t r u c t u r e s .  
The purpose of the present program w a s  to-determine mechani- 
cal  a n d  p h y s i c a l  p r o p e r t i e s . o f  t h e  vacuum depos i t ed  f i lm  mate- 
rials, t o  compare t h e s e  d a t a  w i t h  e s t a b l i s h e d  b u l k  v a l u e s  a n d  t o  
examine poss ib l e  co r re l a t ion  be tween  the  th i ckness  o f  t he  
depos i ted  f i l m  and i t s  p r o p e r t i e s .  
Propert ies  determined include densi ty ,  the modulus of  
e l a s t i c i t y  i n  t e n s i o n ,  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  u l t i m a t e  
e longa t ion  and  the  coe f f i c i en t  of thermal expansion (CTE) 
between 20° and 1 0 0 ° C .  
Primary materials i n v e s t i g a t e d  w e r e  aluminum, t i t a n i u m ,  
and  carbon.  Single  sample tes ts  w e r e  performed  with  boron, 
aluminum ox ide ,  z i r con ium s i l i ca t e ,  and  a t i tanium/carbon 
a l t e rna t ing  l aye r  compos i t e .  
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2. PREPARATION OF THIN FILM COMPOSITES 
A v a r i e t y  of composites w e r e  p repared  us ing  an  e lec t ron  
beam phys ica l  vapor  depos i t ion  sys tem.  Thin  f i l m s  of carbon,  
boron, aluminum ox ide ,  z i r con ium s i l i ca t e ,  aluminum, t i t an ium,  
and titanium-carbon w e r e  depos i t ed  on b o t h  s i d e s  of t h i n  
poly   imide   shee t   subs t ra tes .  
The subs t r a t e s ,  app rox ima te ly  4 x 6" i n  area and 1 / 2  m i l  
or 1/4 m i l  t h i c k ,  w e r e  suppor ted  in  a metal frame which provided 
a nominal  longi tudina l  tens ion  of 5 lb  t o  k e e p  the  s u b s t r a t e s  
t a u t .  The frame w a s  r o t a t e d  a t  60 rpm dur ing  depos i t i on ,  
thereby  provid ing  equal  f i lm th ickness  on b o t h  s u b s t r a t e  
su r f   aces .  
The s u b s t r a t e  f i l m s  were cleaned by using an ul t rasonic-  
d e t e r g e n t  b a t h  w i t h  subsequent  acetone and isopropyl  a lcohol  
wash  and de- ionized  water   r inse.   After   c losing  the  chamber ,  
s u b s t r a t e s  w e r e  h e a t e d  t o  150-200°C for  approximately one hour ,  
a t  a background  pressure  of 2 x to r r .   Evapora t ion   o f   t he  
sou rce  ma te r i a l  w a s  accomplished by electron beam h e a t i n g  t o  
an   appropr ia te   t empera ture .   Typica l  beam c u r r e n t  w a s  c o n t r o l l e d  
a t  approximately 150-200 mi l l iamperes .   Depos i t ion   ra tes  and 
f i n a l  t h i c k n e s s  o f  the  f i l m  was monitored and control led using 
q u a r t z  c r y s t a l  s e n s o r s  and a s s o c i a t e d  c o n t r o l  c i r c u i t r y .  
composite films c o n s i s t i n g  o f  a l t e r n a t i n g  l a y e r s  o f  t i t a n i u m  
and carbon were produced by using a double  hear th  provis ion  of 
the  e l e c t r o n  beam vacuum deposi t ion equipment .  A t  p r e - s e t  i n t e r -  
v a l s  t h e  beam w a s  swi t ched  to  depos i t  ei ther carbon or  t i t an ium 
from t h e  two hearths, t hus  p roduc ing  the  des i r ed  l aye red  depos i t .  
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3 .  DENSITY DETERMINATION - DIRECT AND INDIRECT METHODS 
The mass g a i n  p e r  u n i t  s u r f a c e  a r e a  a t t r i b u t e d  t o  t h e  
d e p o s i t e d  t h i n  f i l m  was measured f o r  a l l  t es t  specimens using 
an Ainsworth precision microbalance having a s e n s i t i v i t y  o f  
0.01 mil l igrams.  
The dens i ty  o f  depos i t ed  f i lms  was determined from their  
mass  and  thickness,   as  measured. The th i ckness  of t h e  r e l a t i v e l y  
t h i c k  f i l m s  was determined with precision micrometers by measur- 
i n g  s u b s t r a t e  t h i c k n e s s  p r i o r  t o  d e p o s i t i o n  and t o t a l  t h i c k n e s s  
a f te r  depos i t i on .  
I n  t h e  case o f  t h inne r  f i l m s ,  micrometer measurements were 
inadequate, and consequently measurement was made wi th  an o p t i -  
c a l  i n t e r f e r o m e t e r  augmented  with a f i l a r  e y e p i e c e .  I n  most 
cases these measurements were made of  f i lms  depos i ted  on tes t  
g l a s s  f l a t s  which w e r e  l o c a t e d  a d j a c e n t  t o  t he  t e s t  specimens 
du r ing  depos i t i on .  In  o rde r  t o  op t imize  the  measurement t h e  
t e s t  g l a s s  w a s  ove rcoa ted  wi th  s i l ve r  - a convent ional  procedure.  
The range of  accuracies  was 2 1% a t  10 f r i n g e s ,  2 5% a t  3 
f r i n g e s ,  2 5Pb a t  1/10 f r i n g e .  The instrument  employed a sodiuz 
l i g h t  s o u r c e  w i t h  a wavelength of 5890 A ,  and a f r inge  o f  2945 A. 
A secondary method of mass de termina t ion  made use of the 
quartz microbalance which i s  a po r t ion  o f  the  depos i t i on  con t ro l  
sensor   system  of   the  deposi t ion  equipment .  The procedure  depends 
on t h e  a b i l i t y  o f  t h e  q u a r t z  c r y s t a l  o s c i l l a t o r  t o  d e t e c t  t h e  
mass  of a mater ia l  which is  depos i ted  on it. TWO s p e c i a l  p r e -  
caut ions  were  observed.  The c r y s t a l  w a s  mounted q u i t e  f a r  from 
the source (30 cm) t o  minimize thermal  effects ,  and a 5Wb t r a n s -  
mission mask (confirmed t o  49.5 t o  50.5%) w a s  used to  minimize 
t h e  s t r e s s  e f f e c t s  o b s e r v e d  on carbon  deposits.   During  deposi-  
t i o n ,  f l a t s  w e r e  a g a i n  l o c a t e d  a d j a c e n t  t o  t h e  c r y s t a l s  a t  t h e  
same d i s t a n c e  from the   source .   Thickness   o f   the   f i lm on the  
f l a t s  w a s  measured using mult iple  beam in te r fe rometry .  Typica l  
measurements on carbon films were a s  f o l l o w s :  
Thlckness (i) Crystal   Excursion  Densi ty  g/cm 
65 0 - 4 2  KHz 2.5 
2230 1.40 KHz 2.5 
4900 3.0 KHz 2.3 
3 
4 
I 
I n  o r d e r  t o  calibrate t h e  c r y s t a l ,  a f i n a l  d e p o s i t i o n  w a s  made 
wi th  aluminum. It i s  g e n e r a l l y  r e p o r t e d  i n  t h e  l i t e r a t u r e  t h a t  
t h e  d e n s i t y  o f  a 1 /2  micron aluminum f i lm  depos i t ed  a t  a rate 
of  over  15 S/sec and a pressure  of  5 x 10-5 t o r r ,  app roaches  
bulk  dens i ty .  These  condi t ions  w e r e  obse rved  in  the  depos i t i on  
c a l i b r a t i o n .  The c r y s t a l  c o n s t a n t  w a s  found t o  be approximately 
1.93 which compares t o  the  manufac tu re r s  r a t ing  of 2.00, a 
d i f f e rence  o f  3.5%. 
Resu l t s  ob ta ined  by  the  two methods from var ious  carbon 
f i l m s  a r e  summarized i n  F i g u r e  1. The d e n s i t y  of r e l a t i v e l y  
t h i c k  f i l m s  is approximate ly  equal  to  the  repor ted  bulk  dens i ty  
of v i t r eous  ca rbon  ( R e f .  4 )  b u t  s i g n i f i c a n t l y  l a r g e r  f o r  t h i n n e r  
f i lms ,  approaching  tha t  of  diamond  (Ref. 5 ) .  
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4. MECHANICAL PROPERTIES 
4 . 1  Test Setup. 
The b a s i c  s e t u p  f o r  s t r e s s - s t r a i n  and s t r e n g t h  t e s t s  
i s  shown i n  F i g u r e  2 .  Test   specimens were suspended  from  the 
hor izonta l  rod  of  a s m a l l  p o r t a l  frame and loaded with Cali-  
b ra ted  deadweights .  The e longa t ion  of t h e  test  specimen w a s  
measured between two paint  markings by a twin Gaertner micro- 
s cope  wi th  f i l a r  eyep ieces .  In  the  case  o f  t he  u l t ima te  
s t r eng th  t e s t s  o f  conduc t ive  f i l m s  t h e  e l e c t r i c  r e s i s t a n c e  of 
bo th  coa ted  s ides  was m o n i t o r e d  i n  o r d e r  t o  d e t e c t  t h e  f i r s t  
c r ack  in  the  depos i t ed  f i lm .  
4 . 1 . 1  C a l i b r a t i o n .  The  two Gaertner   te lemicroscopes 
wexe mounted i n  h o r i z o n t a l  p o s i t i o n  i n  a stand which allows 
ve r t i ca l   ad jus tmen t   fo r   bo th   mic roscopes   i nd iv idua l ly .  The t o p  
te lemicroscope w i t h  an f 80 mm l e n s  and a 12.5 power f i l a r  eye- 
p i e c e  (800 d i v i s i o n s )  was c a l i b r a t e d  a t  140 x 10-6 i nch /d iv i s ion ;  
the bot tom telemicroscope with an f 38 mm l e n s  and a 10 power 
f i l a r  e y e p i e c e  (800 d i v i s i o n s )  was c a l i b r a t e d  a t  45 x 10-6 
i nch /d iv i s ions .  Gauge blocks  and a p r e c i s i o n  s t e e l  r u l e r  w e r e  
u sed  a s  ca l ib ra t ion  r e fe rences .  Bo th  eyep ieces  w e r e  turned 45' 
i n  o r d e r  t o  g e t  one  c ros sha i r  i n to  a h o r i z o n t a l  p o s i t i o n .  T h i s  
way the  markings on t h e  t es t  spec imens  could  be  s ighted  be t te r  
and the sensi t ivi ty  of  measurement  w a s  increased by a f a c t o r  o f  
J" . Small   lead  weights   were  cal ibrated on an Ohaus t r i p l e  
beam ba lance  t o  w i t h i n  0 . 1  g of  nominal  values of 25 , 5 0 ,  and 
100 g.  I n  a d d i t i o n  a weight hanger of 75 2 0 . 1  g was f a b r i c a t e d .  
This  hanger  served as  a p r e l o a d  i n  t h e  t e s t s  and provided the 
necessa ry  suspens ion  po in t s  fo r  t he  load  inc remen t s .  
4 .1 .2  Specimen p r e p a r a t i o n .   S t r i p s  of 0.25 in .   wid th  
were c u t  from  each 4 x 5 in .  depos i t ion  sample .  One end  was 
glued with Eastman 910 a d h e s i v e  t o  a smal l  rec tangular  aluminum 
p l a t e  which then was a t t ached  to  the  c ros sba r  o f  t he  po r t a l  f r ame .  
A small aluminum  shim wi th  a h o l e  i n  t h e  c e n t e r  was g l u e d  t o  t h e  
f r e e  end  of the  specimen. Each  specimen  received  paint  markings 
a t  t h e  e d g e ,  one  c lose  to  the  suspens ion  p l a t e ,  t he  o the r  abou t  
half  an inch above the loading point .  The d is tance  be tween the  
two markings was measured with a cathetometer  of 2 0.001 i n .  
accuracy. The  same instrument  was used t o  determine the width 
of the specimen a t  v a r i o u s  p l a c e s .  
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4.2 Test Procedures.  
4 .2 .1   StreSS-Strain tests. The specimen w a s  SUS- 
pended from the portal ,  f rame and the heights  of  the microscopes 
were ad jus t ed .  The coated  specimens were pre loaded  by  a t tach ing  
the weight  hanger .  Load increments of 25 g w e r e  a p p l i e d  i n  two- 
minu te  in t e rva l s .  When the  e longat ion  reached  or  exceeded  0.2% 
t he  p rocess  was reversed and 25 g weights  w e r e  removed, one 
every two minutes .  The cycle  of  loading and unloading was 
r e p e a t e d  a t  least  once  for  each  sample.   Elongations w e r e  
measured by taking two readings w i t h  the bottom microscope, 
one on the specimen marking and one of a marking placed on an 
u n s t r e s s e d  m e t a l  s t r i p  h a n g i n g  b e s i d e  t h e  t e s t  specimen. T h i s  
metal str ip (molybdenum shim 0.25 in.  x 0 -010 i n .  x 6 i n . )  was 
a t t a c h e d  t o  t h e  same  aluminum p l a t e  the t e s t  specimen w a s  sus- 
pended  from. Thus, the  lower  edge of  t h i s  p l a t e  c o u l d  b e  u s e d  
a s  the  reference marking on both tes t  specimen and metal  s t r ip .  
Readings made with the upper  microscope confirmed that  there  
was  no  measurable  def lec t ion  of  the  suspens ion  p la te  or  s l ip -  
page of the tes t  sample. 
4.2.2 U l t i m a t e   s t r e s s  and e l o n g a t i o n .   E l e c t r i c a l l y  
conductive f i l m s  were prepared as f o r  t h e  stress-strain t e s t  
b u t  w e r e ,  i n  a d d i t i o n ,  wi red  t o  m o n i t o r  t h e  e l e c t r i c  r e s i s t a n c e  
o f  t he  coa t ing .  A t  the upper end of the specimen a loop of 
N o .  36 wi re  w a s  a t t a c h e d  t o  b o t h  film sides wi th  a DuPont s i l v e r  
p repa ra t ion   ( e l ec t ron ic   g rade  4 8 1 7 ) .  This  w i r e  was in su la t ed  
aga ins t  su r round ing  me ta l  s t ruc tu res  by  e l ec t r i c  mask ing  t ape .  
A t  the lower specimen end j u s t  above  the  loading  poin t ,  two 
a d d i t i o n a l  w i r e s  w e r e  a f f ixed  wi th  the  same s i l v e r  p r e p a r a t i o n .  
Care w a s  t aken  tha t  each  wi re  was f a s t e n e d  t o  o p p o s i t e  sides of  
t h e  specimen and t h a t  any short ing contact  between the two s i d e s ,  
by  the w i r e s  o r  t h e  s i l v e r  a d h e s i v e ,  w a s  avoided. The wires 
were connec ted  to  a p o r t a b l e  Simpson v o l t  and ohm meter.  Load 
increments  were  applied a t  two-minute i n t e r v a l s .  S t r a i n  and 
resis tance were measured a t  each  load  increment  of 50 g .  The 
t e s t  was t e r m i n a t e d  e i t h e r  when t he  specimen ruptured or when 
t h e  r e s i s t a n c e  showed a s u d d e n  s u b s t a n t i a l  i n c r e a s e .  I n  t h i s  
case one of the lead  w i r e s  was disconnected from the specimen 
and i n  i t s  p l a c e  a probe w a s  i n s e r t e d  i n  t h e  ohm meter.  By 
moving the  probe  a long  the  f i l m  s u r f a c e  it w a s  p o s s i b l e  i n  some 
i n s t a n c e s  t o  l o c a t e  the f a i l u r e  a r e a .  
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4.3  Evaluat ion.  
4.3.1 Elast ic  p r o p e r t i e s   o f   s u b s t r a t e s .  A series of 
s t r e s s - s t r a i n  tests on typical  uncoated specimens was c'onducted. 
Specimens included 1/2 m i l  and 1/4 m i l  nominal  thickness  mate- 
r i a l  as r ece ived ,  material which has  been heat  t reated,  and 
material from the  uncoated  margins  of  depos i t ion  samples. 
R e s u l t s  of t h e s e  tests are summarized i n  Table I .  
The modulus of e l a s t i c i t y  was e s t a b l i s h e d  as the  t angen t  
modulus a t  0.2% e longat ion .  
In  the  p rocess  o f  ex t r ac t ing  p rope r t i e s  o f  t he  f i lm  ma te -  
r i a l s  from t h e  tes t  r e s u l t s  of the  composi tes ,  da ta  of  an  
a p p r o p r i a t e  s u b s t r a t e  t es t  was u s e d :  i . e . ,  i n  t h e  c a s e  o f  p r e -  
h e a t  t r e a t e d  Kapton t h e  r e s p e c t i v e  s u b s t r a t e  d a t a  was r e a d i l y  
ava i l ab le  wh i l e  fo r  a l l  o the r  s amples  one  o f  t he  hea t - exposed  
margin specimens w a s  chosen  as  re ference .  
4.3.2 E l a s t i c  modulus  of  deposited  f i lms. The 
modulus  of e las t ic i ty  of  the  vacuum-depos i ted  f i lm Ef , was 
determined by the r u l e  of  mixture  as :  
c L 
L C  
Ef - (Ec - Es e) 
c t f  
where tc i s  the   t o t a l   t h i ckness   o f   t he   spec imen ,  tf t h e   t o t a l  
t h i ckness   (bo th   s ides )   o f   t he   depos i t i on ,  t, the   t h i ckness   o f  
t h e   s u b s t r a t e ,  E, is  t h e   a p p r o p r i a t e   t a n g e n t  modulus  of  the 
s u b s t r a t e ,  and E, t he  t angen t  modulus  of the  composite a t  0 -2% 
elongat ion determined as  an average from four  load-def lec t ion  
cyc le s .  
Values  of Ef and E, a r e   l i s t e d   i n   T a b l e s  I1 t o  V.  
Figure 3 shows t h e  e l a s t i c  modulus of the aluminum  and 
t i t an ium f i lms  i n  f u n c t i o n  o f  t o t a l  ( b o t h  s i d e s )  d e p o s i t e d  f i l m  
thickness ,  and a compar ison  to  accepted  va lues  for  these  metals 
i n  b u l k  form. 
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Figure 4 shows similar da ta  for  carbon f i lms  and  a compari- 
son  to  pub l i shed  da ta  fo r  v i t r eous  ca rbon  ( R e f .  6 )  and  diamond 
( R e f .  5 )  . Because of t h e  wide spread of  data  they are  
represented on a log - log  p lo t .  
4.3.3 U l t i m a t e  stress. The u l t i m a t e  stress of t h i n  
f i lms  w a s  c a l c u l a t e d  from t h e  s t a t i c  e q u i l i b r i u m  c o n d i t i o n  
0 
C C = O f  t f  + O S ( € )  t S 
The stress i n  t h e  Kapton s u b s t r a t e ,  os ( € 1  , i s  found f o r  t h e  
measured  elongation a t  f a i l u r e ,  E , i n   t h e   a p p r o p r i a t e  stress- 
s t r a i n  p l o t s  from uncoated specimen tests. 
Data f o r  e l a s t i c  modu lus f  e longa t ion  a t  f a i l u r e ,  a n d  stress 
a t  f a i l u r e  a r e  t a b u l a t e d  f o r  aluminum films in  Table  11, f o r  
t i t an ium f i l m s  i n  T a b l e  111, fo r  ca rbon  f i lms  in  Table IVa  and 
IVb, and in  Tab le  V f o r  v a r i o u s  f i l m s  made from boron, zirconium 
s i l i c a t e  ( z i r c o n ) ,  aluminum oxide,   and  for   t i tanium/carbon 
layered composite f i l m s .  
F igure  5 shows t h e  u l t i m a t e  t e n s i l e  s t r e s s  i n  f u n c t i o n  o f  
depos i ted  f i l m  t h i ckness   (bo th   s ides )   o f   me ta l   f i lms .   F igu re  6 
shows s imi l a r  da t a  fo r  ca rbon  f i l m s .  I n  b o t h  c a s e s  a s i g n i f i c a n t  
i n c r e a s e  i n  s t r e n g t h  i s  ev iden t ,  as t h e  f i l m  t h i c k n e s s  i s  
decreased.  
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5 .  THERMAL EXPANSION 
5 . 1  Test Setup. 
The specimens w e r e  glued with Eastman 910 adhesive a t  
t h e i r  t o p  end t o  a small  aluminum p l a t e ,  t h e n  hung s i d e  b y  s i d e  
t o  a c a l i b r a t e d  molybdenum s tandard .  A t  t h e  lower end of the 
specimen a t a r g e t  made from a piece of copper shim w a s  a t t ached .  
The specimen and the molybdenum s tandard  w e r e  c a r e f u l l y  
arranged such that the lower r i m  of t h e  molybdenum standard and 
the  top  of  the  copper  shim hung a t  t h e  same l e v e l  and i n  t h e  
same p l a n e .  T h i s  u n i t  t h e n  was a t t a c h e d  t o  a s t and  in s ide  a 
tempera ture  cont ro l led  t es t  chamber equipped with a h i g h  q u a l i t y  
window for  op t ica l  l ength  measurement .  The l eng th  of t h e  s p e c i -  
men from t h e  t o p  t o  t h e  c o p p e r  shim  and the  l eng th  o f  t he  
standard were measured with a cathetometer .  To keep  the  spec i -  
ment s t r a i g h t  a small  weight of 7 . 1  g was a t t a c h e d  t o  t h e  
copper shim, and a p a p e r  c l i p  clamped over the standard pre- 
vented the specimen from swinging out of plane and focus. 
The d i f fe rence  of  e leva t ion  be tween the  lower edge of  the 
standard and the top of the copper shim was measured with a 
Gaertner  te lemicroscope ( f  38 mm lens)  and  a Cooke image s p l i t t i n g  
eyepiece.  The microscope had been cal ibrated by the same method 
used i n  t h e  s t r e s s - s t r a i n  tests. One d iv i s ion   o f   t he   eyep iece  
screw  cor responds   to  81 x 10-6 i n .  The te lemicroscope was 
mounted h o r i z o n t a l l y  i n  a s t a n d  j u s t  i n  f r o n t  o f  t h e  o b s e r v a t i o n  
window and could be a d j u s t e d  i n  a l l  t h r e e  d i r e c t i o n s .  
The tes t  chamber was hea ted  by  a '500  wat t  hea t ing  e lement .  
Care was t a k e n  t o  p r e v e n t  d i r e c t  r a d i a t i o n  t o  t h e  s p e c i m e n  and 
the   t he rmomete r s .   I n   add i t ion ,   ba f f l e s   were   u sed   t o   r educe  
thermal  grad ien ts .  The temperature  w a s  measured  d i rec t ly  wi th  
mercury  thermometers   vis ible   through  the window. The cool ing  of  
t h e  chamber was acce lera ted  by  running  water  th rough i t s  hollow 
wa l l s .  
5 - 2  C a l i b r a t i o n .  
A p r i m a r y  v i t r e o u s  s i l i c a  s t a n d a r d  r o d  of 0 .25 in .  
diameter had been obtained from the National Bureau of Standards.  
I t s  thermal  expansion c T  ( i n   p a r t s   p e r   m i l l i o n )  i s  repor ted   by  
NBS t o  be described by the following polynomial:  
10 
c = 117 -32 - 215 -73 (-) + 103.67 (-) - 20.270 (-) 
7 10 0 100 100 
T T 2  T 3  
+ 2.0991 (100) - T 4  
m C  
0.093006 (e) 
A t h i n  molybdenum s t r i p  0.010 i n .  t h i ck  and  0.250 wide w a s  
c a l i b r a t e d  a g a i n s t  t h e  s i l i c a  s t a n d a r d  b y  t h e  same method used 
t o  d e t e r m i n e  t h e  CTE of  the  tes t  samples. The resu l t s  o f  t h i s  
c a l i b r a t i o n  y i e l d e d  a thermal  expans ion  coef f ic ien t  
a = (4.15 2 0.29) x 10-6/oC mo 
This  molybdenum s t r i p  was used subsequent ly  in  a l l  thermal  expan-  
s i o n  tes ts  a s  a secondary s tandard.  
5 .3  Test Procedure. 
Af te r  p lac ing  the  spec imen and  the  s tandard  in  the  
environmental  chamber the temperature was c y c l e d  a t  l e a s t  t w i c e  
from room temperature  to 12OOC a t  a ra te  of  approximate ly  
- 1- 1°/minute.  Readings were taken a t   i n t e r v a l s   o f  10 degrees .  
5 . 4  Evalua t ion .  
The coef f ic ien t  of  thermal  expans ion  (CTE) of each 
specimen was determined from the measurements for the tempera- 
t u r e  i n t e r v a l  from 2O0c (room tempera tu re )  t o  10OOc. 
The d i f f e rence  be tween  the  two  image s p l i t t e r  r e a d i n g s  was 
i n t e r p r e t e d  i n  terms of  the changing dis tance between the edges 
of  the  molybdenum standard and the copper shim on the specimen 
in   funct ion  of   temperature .   With  the  length  of   the  specimen,  
and the length and CTE of  the  s tandard  known t h e  c o e f f i c i e n t  of 
thermal expansion of the composite could be determined from t h e  
measu red  d i f f e ren t i a l  i n  e longa t ion  due  to  t empera tu re .  
The CTE of the  depos i t ed  f i lm  material, af , w a s  c a l c u l a t e d  
according t o  the  ' ' r u l e  o f  m i x t u r e "  
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t E  
s s  a = a .  - € C (ms - a,) -tfEf 
Data f o r  u f  and a, a r e   t a b u l a t e d   f o r   t h e   v a r i o u s   m a t e r i a l s  
i n  Tab le s  I through V. F igure  7 shows t h e  CTE f o r  aluminum, 
t i t an ium,  and  carbon f i lms  in  func t ion  of  depos i t ion  th ickness .  
Values  for  z i rcon,  boron,  and aluminum oxide obtained from 
s i n g l e  s a m p l e  t e s t s  a r e  a l s o  shown. 
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6. CONCLUSIONS 
The r e s u l t s  from th is  exper imenta l  p rogram are  genera l ly  
Of a pre l iminary  na ture .  Measured  phys ica l  p roper t ies  show 
cons iderable  scatter.  This  is i n  p a r t  due to  expe r imen ta l  
d i f f i c u l t i e s  i n  m e a s u r i n g  the p r o p e r t i e s  o f  v e r y  t h i n  f i l m s ,  
p a r t l y  d u e  t o  p r o c e s s  v a r i a b l e s  e n c o u n t e r e d  i n  t h e  p r e p a r a t i o n  
of  cer ta in  types  of  th in  f i lm composi tes .  Based  upon a v a i l -  
able evidence so f a r ,  the  fo l lowing  conclus ions  can  be s t a t e d .  
Deposited f i l m s  o f  s i g n i f i c a n t  s t r u c t u r a l  s t i f f n e s s  and 
s t r eng th  can  be made from a wide range of materials by  phys ica l  
vapor  depos i t ion  techniques .  
Layered composites from a l t e r n a t i n g  u l t r a - t h i n  d e p o s i t s  
of t i tanium and carbon can be made by  the  same techniques.  
A l l  f i l m s  s t u d i e d  i n  th i s  program can be made with smooth 
surface appearance such t h a t  phys ica l  p roper t ies  of  lamina tes  
made with such f i l m s  can be expected t o  r e t a i n  t h e  basic f i l m  
p rope r t i e s  w i thou t  s ign i f i can t  deg rad ing  due  to  imper fec t ion .  
Such def ic iencies  have been observed in  other  development  pro-  
grams using boron deposi t ions on Kapton s u b s t r a t e s  where only 
a f r ac t ion  o f  t he  expec ted  phys ica l  p rope r t i e s  cou ld  be 
r e a l i z e d  i n  the composite. 
The t e n s i l e  s t r e n g t h  o f  aluminum  and t i t an ium f i l m s  and 
the i r  e l a s t i c  r ange  o f  e longa t ion  is  s i g n i f i c a n t l y  h i g h e r  t h a n  
pub l i shed  va lues  fo r  bu lk  forms of  the  same m a t e r i a l .  Measured 
t e n s i l e  stress a t  f a i l u r e  i n c r e a s e s  a s  f i l m  t h i c k n e s s  d e c r e a s e s .  
Maximum t e n s i l e  s t r e n g t h s  o f  a p p r o x i m a t e l y  300,000 ps i  have  been  
observed in  f i l m s  made from e i t h e r  material (F ig .  5 )  . 
The d e n s i t y ,  e las t ic  modulus,  and t e n s i l e  s t r e n g t h  o f  
carbon f i l m s  i nc reases  d rama t i ca l ly  a s  f i lm  th i ckness  i s  reduced. 
Carbon f i l m s  w i t h  moduli of 50 t o  130 x lo6 p s i  and  u l t imate  
t ens i l e  s t r e n g t h s  o f  400,000 psi  have been observed (Figs.  4 ,  6 )  . 
High moduli  and tensi le  s t rength are r e t a i n e d  i n  m u l t i p l e  l a y e r  
depos i t s ,  p rovided  tha t  the  ind iv idua l  carbon layers  remain  
separated by an intervening layer  of  t i tanium. 
Abnormal thermal  expans ion  coef f ic ien ts  are observed in  
carbon  and aluminum oxide f i l m s .  A s i n g l e  aluminum oxide  f i lm 
sample tes ted showed a s t r o n g l y  n e g a t i v e  e x p a n s i o n  c o e f f i c i e n t  
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of - 7 . 1  x 10-6/oC. Carbon f i lms  show ve ry  small ( c l o s e  t o  
ze ro )  expans ion  coe f f i c i en t s  fo r  modera t e  f i lm  th i ckness  wi th  
a tendency t o  n e g a t i v e  v a l u e s  f o r  v e r y  t h i n  f i l m s  ( F i g .  7 ) .  
The da ta  obta ined  s o  f a r  sugges t  t ha t  t he  abnorma l  p ro -  
pe r t i e s  o f  t h in  f i lms  migh t  be  a s soc ia t ed  wi th  a " su r face  sk in"  
e f f e c t ,  s i m i l a r  t o  t h a t  which has been postulated by Shanley 
e t  a1  (Ref .  6 ,  7 )  a s  an  explana t ion  for  the  abnormal ly  h igh  
s t rength  and  increased  e las t ic  modul i  observed  in  th in  f ibers .  
F u r t h e r  i n v e s t i g a t i o n s ,  p a r t i c u l a r l y  i n v o l v i n g  a d e f i n i t i o n  
o f  t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e  i n  d e p o s i t e d  t h i n  f i l m s  i s  
r e q u i r e d  t o  e l u c i d a t e  and  confirm  the  observed  effects .   Appl ica-  
t i o n  s t u d i e s  may be i n i t i a t e d  w i t h  the purpose of making t h e  
ex t r a -o rd ina ry  p rope r t i e s  o f  depos i t ed  f i lm composi tes  ava i lab le  
t o  the s t r u c t u r a l  d e s i g n e r  f o r  a p p l i c a t i o n  t o  a d v a n c e d  h i g h  
performance  airframe  and  spacecraft  components.  Such  an 
advanced concept ,  using in-space fabricat ion of  thin f i lms,  has  
been  inves t iga t ed  in  a previous s tudy and d iscussed  i n  Reference 
8. Ano the r  po ten t i a l  u s e  e x p l o i t s  t h e  l o w  expans ion  coe f f i c i en t s  
of carbon and possibly aluminum oxide  f i lms  for  the  des ign  of  
e x t r e m e l y  s t a b l e  s t r u c t u r e s  r e q u i r e d ,  f o r  i n s t a n c e ,  i n  microwave 
f i l t e r s  and i n  o p t i c a l  i n s t r u m e n t s  s u b j e c t  t o  t e m p e r a t u r e  
v a r i a t i o n s .  
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TABLE I .  MECHANICAL AND PHYSICAL  PROPERTIES O F  KAPTON SUBSTRATE 
Sample Type 
Thickness 
(10-3 i n . )  
Modulus of  
e l a s t i c i t y  
( l o 6  p s i )  
Ultimate 
stress 
( k s i )  
Ultimate 
e longat ion  
(% 1 
Coef f i c i en t  o f  
thermal expan- 
s ion  
(10-6 Oc-1) 
0.512 
0 .50  
- 
- 
- 
A s  Received 
0.512 
0 -51  
20.5 
12.5 
18.3 
0.274 
0.57 
17 -7 
5.6 
15.6 
Margins 
0.510 
0.46 
- 
22  .o 
0.512 
0.44 
- 
- 
- 
0.536 
0.50 
21.4 
16.3 
18.4 
Pre-Heat Treated 
0.538 
0.47 
2 2 . 1  
28.5 
18.8 
0.538 
0.51 
21.6 
- 
- 
0.278 
0.49 
22.2 
12.3 
16.8 
TABLE 11. MECHANICAL AND PHYSICAL PROPERTIES OF ALUMINUM/KAPTON FILMS 
Specimen 
I d e n t i f i c a t i o n  
Thickness ( i n .  1 
Specimen, t o t a l  
Kapton s u b s t r a t e  
Aluminum coa t ing ,  
t o t a l  
Modulus of e l a s t i c i t y  
(106 ps i )  
Composite 
Kapton s u b s t r a t e  
Aluminum coa t ing  
Ul t imate  e longat ion  
of aluminum 
coa t ing  (%) 
S t r e s s  o f  c o a t i n g  
f a i l u r e   ( k s i )  
Composite 
Aluminum coa t ing  
Coef f i c i en t  o f  t he r -  
mal expansion 
Composite 
Kapton s u b s t r a t e  
Aluminum coa t ing  
(10-6 0c-l) 
105 - 
55- 
1 
0.529 
0.512 
0.017 
0.75 
0.435 
10.26 
1 . 8 1  
13.9 
247.5 
20.8 
19.2 
22.8 
105 - 
55-  
2 
0.529 
0.512 
0.017 
0.87 
0.435 
14.0 
1.72 
15.3 
297.5 
20.4 
19.2 
'24.7 
105 - 
44 , 46 
2 
0.548 
0.512 
0.036 
0.96 
0.435 
8.43 
22.3 
19.2 
24.6 
105 - 
44 I 46 
4 
0.548 
0,512 
0.036 
1.00 
0.435 
9.04 
1.07 
13.6 
148.0 
105 - 
46 I 47 
2 
0.618 
0.512 
0.106 
2.07 
0.435 
9 -97  
22.2 
19.2 
22.9 
105 - 
46  47 
4 
0.618 
0.512 
0.106 
1.94 
0.435 
9 .21  
25.2 
19.2 
26.7 
105 - 
52- 
1 
~~ 
0.618 
0.512 
0.106 
1.94 
0.435 
9 .21  
1.04 
11.2 
44.6 
23.9 
19.2 ' 
25 .O 
105 - 
52-  
4 
~~ 
0.638 
0.512 
0.126 
2.41 
0.435 
10.44 
24.2 
19.2 
25.0 
114- 
1- 
3 
0.638 
0.512 
0.126 
2.43 
0.435 
10.54 
24.3 
19.2 
25.2 
0.642 
0.512 
0.130 
2.42 
0.435 
10.24 
2.66 
14.1 
38.7 
24.5 
19.2 
25.1 
TABLE III. MECHANICAL AND PHYSICAL PROPERTIES OF TITANIUM/KAPTON FILMS 
specimen 
I d e n t i f i c a t i o n  
Thickness (10 i n .  ) 
Specimen, t o t a l  
Kapton s u b s t r a t e  
Titanium coating, 
-3 
t o t a l  
Modulus o f  e l a s t i c i t y  
(106 ps i )  
Composite 
Kapton s u b s t r a t e  
Titanium coating 
Ultimate e longat ion  
of t i t an ium coat -  
i ng  (%) 
Stress of  coat ing 
f a i l u r e   ( k s i )  
Composite 
Titanium coating 
Coef f i c i en t  o f  t he r -  
mal expansion 
Composite 
Kapton s u b s t r a t e  
Titanium coating 
(10-6 O C " )  
114-  
7 -1 
0 . 5 4 1  
0.512 
0 - 0 2 9  
1.36 
0.46 
17.3 
1.88 
18.2 
228.0 
13  .O 
19.2 
10 .1  
114-  
6-2-1 
0.544 
0.512 
0.032 
1 .50  
0 - 4 6  
18.1 
11.7 
19.2 
8.7 
114- 
7 -3 
0.546 
0.512 
0.034 
1.44 
0.46 
16.2 
1 .a8 
25.6 
316 .O 
12.5 
19.2 
9.6 
114-  
6-2-4 
0.548 
0.512 
0.036 
1.32 
0.46 
13.6 
2.70 
2 1  - 0  
206.0 
9.4 
19.2 
4.7 
105 - 
59-1  
0.582 
0.512 
0.070 
2.05 
0.46 
13.7 
10.5 
19.2 
8.4 
105 - 
59-2 
0.582 
0.512 
0.070 
2 .31  
0.46 
15 .8  
0 .71  
15.9 
110 .o 
10 - 8  
19.2 
9.0 
114- 
8-4 
0.633 
0.512 
0 .121 
3 .51  
0.46 
16.4 
10.8 
19.2 
9.8 
114-  
8-2 
0 e 635 
0.512 
0.123 
3.34 
0.46 
15.3 
1.03 
27.6 
125 .O 
11.9 
19.2 
11.0 
TABLE I V ( a ) .  MECHANICAL AND PHYSICAL PROPERTIES OF CARBON/KAPTON FILMS 
Specimen 
I d e n t i f i c a t i o n  
Thickness ( l o m 3  i n . )  
Specimen, t o t a l  
Kapton substrate 
Carbon coa t ing ,  
t o t a l  
Modulus of e l a s t i c i t y  
(106 ps i )  
Composite 
Kapton s u b s t r a t e  
Carbon coa t ing  
Ul t imate  e longat ion  
of carbon 
coa t ing  (%) 
S t r e s s  of coa t ing  
f a i l u r e   ( k s i )  
Composite 
Carbon coa t ing  
C o e f f i c i e n t  of 
thermal expansion 
Composite 
Kapton s u b s t r a t e  
Carbon coa t ing  
(10'6 ec-1) 
114- 
51  
I 
0.424 
0.278 
0.146 
4.28 
0.49 
11.5 
I 
I 
1 . 2  
15.9 
0 
114- 
50 
0.48C 
0.27; 
0.205 
3.85 
0.49 
8.30 
2.4 
L5.9 
1.3 
I 
1.64 0.966 
0.46 0.46 
30.0  54.9 
0.935 
8.63 
440.00 
1) For increasing temperature  20 t o  100' C 
2 )  For decreasing temperature  100 t o  20° C 
105- 
20-2 
0.498 
0.489 
0.008E 
1.17 
0.46 
40.7 
114- 
20-2 
0.527 
0.512 
0.014t 
1.65 
0.46 
5.4 
105- 
29 
0.50E 
0.49C 
0.01E 
0.99 
0.46 
.7 .1  
5.4 
-9.2 
-6 .O 
114- 
28-4 
0.541 
0.512 
0.029 
2.24 
0.46 
33.7 
1.78 
17.28 
16 .OO 
2.2 
19.2 
-1.9 
114- 
10-1 
0.544 
0.512 
0.032 
1.70 
0.46 
!1.5 
105- 
20-1 
0.545 
0.511 
0.033 
2.09 
0.46 
17.4 
TABLE I V ( b ) .  MECHANICAL AND PHYSICAL PROPERTIES OF CARBON/KAPTON FILMS 
Specimen 
I d e n t i f i c a t i o n  
Thickness (10 i n .  ) 
Specimen t o t a l  
Kapton s u b s t r a t e  
Carbon coa t ing  
-3 
t o t a l  
Modulus of elas- 
t i c i t y  (106  ps i )  
Composite 
Kapton s u b s t r a t e  
Carbon coa t ing  
Ultimate e longat ion  
of carbon 
coa t ing  (%) 
Stress of coa t ing  
f a i l u r e  ( k s  i) 
Compos i t e  
Carbon coa t ing  
Coeff ic ien t  of  
thermal expansion 
Composite 
Kapton s u b s t r a t e  
Carbon coa t ing  
(10-6 oc-1) 
114- 
10-2 
0.546 
0.512 
0.034 
1.96 
0 - 4 6  
24.6 
0 -856  
14.4 
178.0 
105 - 
27 
0 -547 
0.512 
0.035 
1.84 
0 .46  
22 .o 
5.5 
19.2 
1 .2  
114- 
28-1 
3.561 
3.512 
3.049 
1.82 
3.46 
16.0 
4.8 
19 .2  
0.5 
113-  
3 1  
0.633 
0.512 
0 .121 
2.19 
0.50 
9.34 
0 -297 
10.7 
48.9 
1.9 
19.2 
-1.7 
114- 
!5 -2 
1.654 
1.512 
1.142 
? -85  
1.46 
11.5 
114- 
23 
D .679 
0.512 
0.167 
1.84 
0.46 
6.5 
114- 
60 
0 . 7 3 1  
0.538 
0.193 
3 - 3 2  
0 .48  
11.3 
3.6 
19.2 
1.7 
114- 
48-1 
0.756 
0.536 
0.220 
4.57 
0.46 
14.5 
0.285 
11.4 
36.6 
1.0 
19.2 
-0.5 
114- 
48-2 
0.773 
0.538 
0.235 
3.38 
0.46 
10 .o 
1.75 
19.2 
-0.2 
113- 
44-1  
1.. 121  
0.536 
0.585 
9.47 
0.50 
17.6 
0.128 
5.9 
10.8 
TABLE V.  MECHANICAL AND PHYSICAL PROPERTIES O F  VARIOUS COATINGS ON KAPTON FILM 
Specimen I d e n t i f i c a t i o n  
Coat ing Material 
Thickness (10 i n . )  
Specimen, t o t a l  
Kapton S u b s t r a t e  
C o a t i n g ,   t o t a l  
-3 
Modulus of e l a s t i c i t y  (10 ps i )  6 
Composite 
Kapton s u b s t r a t e  
Coating 
Ultimate e longa t ion  o f  coa t ing  (%) 
Stress of c o a t i n g  f a i l u r e  ( k s i )  
Composite 
Coating 
Coeff ic ien t  of  thermal  expans ion  
(10-6  oc-1) 
Composite 
Kapton s u b s t r a t e  
Coating 
13-35 -1 
Boron 
0.766 
0.536 
0.230 
2.71 
0.49 
7.9 
4.08 
19.2 
1.90 
L13 -35  -2 
Boron 
0.766 
0.536 
0.230 
3.91 
0.49 
1 4  .O 
0.35 
13.6 
41.8 
114-52 
Zircon 
0.682 
0.536 
0.146 
1.83 
0.49 
6.75 
0.38 
6 . 1  
17.6 
6.4 
19.2 
3.0 
114-74 
91203 
0.758 
0.530 
0.228 
5 .ll 
0 ..49 
15.8 
0.29 
14.9 
46.9 
-5.3 
19.2 
-7.1 
105-16-1 
T i / C  
0.526 
0.500 
0.026 
1.85 
0.49 
28.6 
0.584 
141.5 
~ 
LO5-16-2 
T i / C  
0.532 
0.500 
0.032 
1.90 
0.49 
24.6 
0.548 
115 .O 
4.c 
0 
+ -  Diamond 
I 
+ Crys ta l  measurement 
0 Weight measurement 
I 
'I 
Vitreous & carbon - 
Figure 1. Density of Carbon F i l m s  a s  a Function of Deposition  Thickness 
Figure 2. Twin  Microscope  Stand for Elongation  Measurements 
23 
Mclldulus of Elasticity of Thin Al- and Ti-  Films 
0 0 .02  0.04 
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0 Titanium 
3 0 . 0 8  0.10 0.12 
Total thickness of deposition t (10-3 in.) 
f 
'Figure 3. Elastic  Modulus of Metal  Films 
24 
" 
F i g u r e  4. Elas t ic  Modulus of Carbon Films 
U l t i m a t e  stress of t h i n  A l -  and T i -  f i lms  
-. 
; func t ion  of t h e  d e p o s i t i o n  t h i q k n e s s  r -  
0 Aluminum 
0 Titanium 
""----- 
c 
0 0 .02  0.04 0.06  0 . 0 8  0.10 0.12 
Tota l   t h i ckness  of depos i t i on  t (10-3 i n .  ) 
Figure  5 .  Tens i l e  S t r eng th  of Aluminum and  Titanium F i l m s  
26 
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Figure 6 .  Tensi le   Strength of Carbon Films 
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Figure 7. Thermal  Expansion of Deposited  Films. 
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